.0 μm MP 3 per g of dry mung bean protein concentrate. Observations of MP 3 using SEM showed a particle round shape indicating the potential for MP 3 to provide creamy texture in oil-in-water emulsion foods to serve as a fat replacer.
INTRODUCTION
Microparticulated protein particles, MP 3 , are considered as mixtures of both soluble and insoluble protein aggregates to controlled size. [1] [2] They can be produced by thermal aggregation and/or chemical (acid or salt) precipitation under high shear conditions. [2] [3] MP 3 are regarded as functional ingredients. The potential uses of MP 3 include fat replacer, texturizer, and stabilizer in food products and controlled release microcapsules in cosmetic, pharmaceutical, and medical applications. [3] [4] The main application of MP 3 is a fat replacer. As a food ingredient, fat contributes key sensory and physical benefits such as mouthfeel, taste, creaminess, and appearance. [5] But high fat intake can increase risk of obesity, heart disease, and some types of cancer. [6] Also consumers, researchers, and manufacturers are interested in fat replacers having fat-like physical properties that can maintain palatable texture of food. [7] [8] [9] Fat replacers should provide less energy than fats and should provide mouthfeel similar to fats. [4, [10] [11] [12] For fat replacer application, the size of particles has to be small enough that the tongue cannot feel the particles individually, but has the creamy rich texture of fats. [11, 13] The critical characteristics of MP 3 to provide creamy mouthfeel were reported to be spherical shape and diameter of 0.1-3.0 μm. [10] [11] [12] Most of the protein-based fat replacers or MP 3 were produced from whey protein by heating (at 80-130°C) and shearing (at 500,000 min −1 ) to obtain spherical MP 3 , having diameter of 0.1-2.0 μm. [14] Starch from mung bean [Vigna radiata (L.) Wilczek] is used as main ingredient for Asian-special texturize noodle (called glass noodle). In Thailand, the high protein content wastewater (1.5% protein) produced from mung bean starch factories was estimated to be about 600 tons/day. Treatment of this wastewater, which is mainly removal of protein, is required prior to disposal. To reduce cost of wastewater treatment and to utilize protein, some factories precipitate protein at pH 4.5 with HCl, centrifuge and (oven or drum) dry. The resulting denatured protein product is used for animal feed.
Proteins in mung bean are globular proteins consisting of globulins (≈ 70%), albumins (≈15-20%), and glutelins. The main globulin is vicilin, which has high content of acidic amino acid but low content of sulphur amino acid. [15] [16] Regardless of its low nutritional value, mung bean proteins might be utilized as functional ingredients. While there are numerous studies on utilization of whey protein and soy protein, research on mung bean protein is limited. Unlike soy protein, mung bean protein has bland taste and no smell. Therefore, it can be added into foods without giving undesirable flavor. This research aimed to develop MP 3 from mung bean protein that is a by-product of mung bean starch production.
MATERIALS AND METHODS

Preparation of Mung Bean Protein Concentrate
Mung bean protein concentrate was prepared from precipitant wastewater of mung bean starch factory (Thaiwah Food Products Co. Ltd., Nakorn Pathom, Thailand). The process included precipitation at pH 4.5 with HCl, centrifugation at 20°C and 2000 × g for 20 min, washing of protein precipitate with distilled water (1:1 wt ratio) twice, centrifugation at 20°C and 2000 × g for 20 min after each washing step, adjusting to pH 7 with 1 N NaOH, centrifugation at 20°C and 1500 × g for 30 min, and freeze drying at chamber (or sample holder) pressure and condenser temperature lower than 0.5 Torr and −40°C, respectively. The contents of protein, moisture, fat and ash in this protein concentrate were determined using AOAC Methods 920.87, 925.10, 920.85, and 923.03, respectively. [17] Determination of Protein Functionality pH-solubility profile. Protein concentrate was dissolved in deionized water to obtain 1% w/v solution. The pH of protein solution was adjusted with 1 N HCl or 1 N NaOH to cover the range 2 to 10 and then was centrifuged at 1500 × g for 30 min. The content of nitrogen in supernatant was determined by Kjeldahl method. [18] Nitrogen solubility index was calculated as described by Vojdani. [19] NSI versus pH was plotted and the isoelectric point of mung bean protein was determined.
Oil and water absorption capacity. To determine oil and water absorption capacity, the protein concentrate was mixed with oil (Soy bean oil, Thai Oil Co. Ltd., Nakorn Pathom, Thailand) or distilled water (at the weight ratio of 1 to 20) in a vortex mixer (MS1 Minishaker, IKA-Works, Inc., Wilmington, NC, USA) at 2500 rpm for 1 min. The mixture was allowed to stand at 27°C for 30 min and then was centrifuged at 3000 × g for 30 min. The supernatant was weighed and the absorption capacities were calculated. The results were expressed on a dry weight basis.
Surface hydrophobicity. Mung bean protein concentrate or bovine serum albumin (Sigma, St. Louis, MO, USA) was dissolved in 0.01 M phosphate buffer pH 7 to cover the concentration range 0.005 to 0.025 %w/v. To 4 ml protein solution, 20 μl of 8 mM solution of 1-anilinonapthalene-8-sulfonic acid (Sigma, St. Louis, MO, USA) in 0.1 M phosphate buffer (pH 7.4) was added. The fluorescent intensity of solution was measured by spectrofluorometer (Jasco FP-770, Japan Spectroscopic Co., Ltd., Tokyo, Japan) at excitation and emission wavelengths of 390 and 470 nm, respectively. [20] Emulsifying activity index. Mung bean protein solution of 0.5% w/v was prepared in 0.1 M phosphate buffer pH 7. It was then mixed with soy bean oil at a volume ratio of 3:1 using homogenizer (Ystral, Ballrechten-Dottingen, Germany) at speed No. 7 [which rpm was determined by digital tachometer (Digicon DT-240P, Digicon, Moorestown, NJ, USA) to be 25,000 rpm] for 2 min. The mixture was diluted 1000 times with 0.1% w/v solution of sodium dodecyl sulfate (Ajax, Auburn, N.S.W., Australia) in distilled water. Absorbency was measured at 500 nm and emulsifying activity index was calculated according to the method of Pearce and Kinsella. [21] 
Production of Microparticulated Particles from Mung Bean Protein
Mung bean protein concentrate was dissolved in deionized water to obtain concentration of 5% w/w. [22] CaCl 2 was added to protein solution to cover the range 0 to 0.03 g/g of protein (wet weight basis) in order to enhance aggregation of heat denaturated protein.
The protein solution was heated at 83 ± 1°C for 5 to 15 min. The denaturation temperature of mung bean protein concentrate was determined by differential scanning calorimetry to be 83°C. During heating, protein solution was stirred with a homogenizer (Ystral, Ballrechten-Dottingen, Germany) at speed No. 1 (equivalent to 17,000 rpm as determined by digital tachometer). To maximize the process parameters, effects of CaCl 2 concentration and heating time on size of protein aggregates were evaluated.
To reduce the size of protein aggregates, suspension of heat denaturated mung bean protein was homogenized at speeds No. 5, 6, 7, and 8 for 5 min. Rpms were determined by digital tachometer to be 23,000, 24,000, 25,000, and 27,000 rpm, respectively. The effect of homogenization time (5-20 min) on MP 3 particle size was determined at 23,000 rpm. To precipitate protein aggregates of size higher than 3 μm, the homogenized suspension was centrifuged at 1000-4000 × g for 10 min. The effect of centrifugation force on particle size separation was evaluated by determination of size and size distribution of protein aggregates in precipitate and supernatant.
Characterization of Microparticulated Protein Particles (MP 3 )
Size and size distribution of MP 3 were determined by laser particle size analyzer (Mastersizer, Malvern Instruments Ltd., Malvern, UK). The following process had to be done in order to determined the shape of MP 3 . After centrifugation, supernatant was diluted 50 times with distilled water, then filtered through 0.45 μm membrane. The membrane was dried and coated with gold. Two-dimensional micrograph of particles on the membrane was analyzed using Scanning Electron Microscope (JSM-5410LV, JEOL Ltd., Tokyo, Japan).
RESULTS AND DISCUSSION
Composition and Functionality of Mung Bean Protein Concentrate
Prepared mung bean concentrate had a moisture content of 6.38 ± 0.45% (wet weight basis). On dry weight basis, the contents of protein, fat, and ash were 88.93 ± 0.59%, 0.78 ± 0.78%, and 4.59 ± 0.04%, respectively. From a pH-solubility profile (Figure 1 ), mung bean concentrate had maximum solubility in term of nitrogen solubility index of 86.5% at pH 10 and pH 4.5 was its isoelectric point. Oil absorption capacity, water absorption capacity, surface hydrophobicity and emulsifying activity index of this protein concentrate were 5.76 g/g, 2.41 g/g, 30 and 83, respectively. 
Production of Microparticulated Particles from Mung Bean Protein
Protein denaturation and aggregation were induced by heating at 83°C. The purpose of homogenizing at 17,000 rpm was mainly to aid heat transfer within the sample. From particle size analysis, amount of aggregate having size smaller than 0.1 μm was about 1% in every treatment. Since CaCl 2 enhanced protein aggregation, increase in CaCl 2 concentration resulted in higher amount of particles having size larger than 3 μm. [23] The objective of MP 3 production is to produce an ingredient that could be used as a fat replacer, therefore, the target size was in the range of 0.1 to 3.0 μm to develop creamy mouthfeel in oil-in-water emulsion. [11] As shown in Figure 2 , amount of particles in this size range decreased as CaCl 2 concentration increased. However, the number of particles in this size range increased with heating time while this effect was minimized as CaCl 2 increased. Heating the protein solution without CaCl 2 at 83°C for 15 min gave highest amount of 0.1-3.0 μm particles of 47.02 ± 16.76% (which that of > 3.0 μm particles was more than 50%). To increase amount of 0.1-3.0 μm particles, homogenization was required to break down particles having size larger than 3.0 μm.
The effect of further homogenizing at various rpm (0-27,000) for 5 min is shown in Figure 3 . Even though further homogenation of the protein aggregate suspension at 23,000-27,000 rpm did not increase amount of 0.1-3.0 μm particles significantly (p ≤ 0.05). But standard error (S.E.) of amount of 0.1-3.0 μm particles was smaller when homogenized at 23,000 and 24,000 rpm. An increase in homogenizing time required to break more particles of size larger than 3.0 μm was studied at 23,000 rpm. The amount of 0.1-3.0 μm particles increased with homogenizing time (Figure 4 ). Sample containing about 65.14 ± 4.24% of this target size particles could be obtained by homogenizing for 15 min while increasing homogenizing time to 20 min did not increase the amount significantly (p ≤ 0.05).
To precipitate particles larger than 3.0 μm, centrifugation was applied. By centrifugation at ≥ 2000 × g for 10 min, all of the particles larger than 3.0 μm were in the precipitate, however the amount of 0.1-3.0 μm particles in the supernatant decreased while that in the precipitate increased as centrifugation force increased (Table 1 ). Centrifugation at 1000 × g for 10 min was sufficient for removal of particles larger than 3.0 μm (only about 0.01% of them left in supernatant). Under these conditions, the amount of the target particles was 92.61 ± 0.40%.
The yield of 0.1-3.0 μm particles (in term of gram of 0.1-3.0 μm particles per gram dry mung bean protein concentrate) was determined and illustrated in Table 2 . The results showed that the yield in supernatant was 0.89 g/g dry protein when sample was centrifuged at 1000 × g for 10 min. Increasing centrifugation force showed a tendency to decrease this yield. The round shape particles, shown in SEM image ( Figure 5 ), indicated that the MP 3 produced from mung bean protein had spherical shape.
Mung bean protein microparticulation was done using thermomechanical process. Heat and high shearing force unfolded/denatured protein. [3, [24] [25] Microparticles were formed by protein-protein interactions. These interactions were hydrogen bonds, van der Waals forces, hydrophobic interactions and disulfide linkages. The pH used in this process Results are presented as mean ± standard deviation (SD). Statistical analysis of the data was done by using analysis of variance and Duncans multiple range test. Numbers, not sharing even one common letter (uppercase for supernatant and lower case for precipitate), are significantly different (p ≤ 0.05). was 7, which was higher than the pI of the protein; therefore, the protein had a net negative charge. It was reported that formation of large particles was promoted by sulfhydryldisulfide interchange reactions at pH > pI. [3, 26] However, this interchange reaction might be lower in mung bean protein comparing with whey protein and egg albumin. This might be because of the content of sulfur-containing amino acids in mung bean protein which is lower than those in whey protein and egg albumin. [16] In the presence of CaCl 2 , saltbridges formed between calcium and the negatively charge amino acids, which exposed on the surface at pH 7. These interactions caused large protein aggregates. The microparticulated particles can be produced from proteins (milk, egg and soy) and polysaccharides (starch, dextran, cellulose and gellan gum). [1] [2] [3] 6, [9] [10] [11] [12] [13] [26] [27] [28] [29] They are used as fat replacers. [3, 28, 30] The most popular one in the market is Simplesse ® , produced from whey protein. The main function of microparticulated particles is to provide the creamy mouthfeel similar to fats. [1] [2] [3] 6, [10] [11] [12] [13] [14] [26] [27] [28] [29] [30] To provide this sensory property, the required physical characteristics were reported to be spheroidal shape and a mean particle size distribution ranging between 0.1-0.5 μm, with less than 30% of the total number of particles exceeding 5.0 μm in diameter. [10, 13, 22, 29] The characters of MP 3 produced from mung bean protein met the above criteria. Therefore, they had the potential to be used as fat replacers, which provided creamy mouthfeel. They might be used in oil-in-water emulsion, such as low fat salad dressing and sandwich spread. [3, 28, [30] [31] 
CONCLUSION
Spherical shape microparticulated protein particles of 0.1-3.0 μm could be produced from mung bean concentrate. The lab scale procedure included heating of 5% w/w solution of protein concentrate in deionized water at 83°C for 15 min while homogenized at 17,000 rpm, homogenizing at 23,000 rpm for 15 min, and centrifugation at 1000 × g for 10 min. The resulting products contained 92% of 0.1-3.0 μm MP 3 with 89% yield. The characteristics of this microparticulated particles produced from mung bean protein indicated that they could be used as fat replacer for oil-in-water emulsion. 
